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1. ACCOMPLISHMENTS

We have used support from ACMAP over the past three years to conduct a range of activi-

ties as described below. A list of papers acknowledging support from ACMAP is attached.

1.1 Harvard-GISS2 Model Simulations of Tropospheric Ozone.

1.1.1 Model development and evaluation.

The Harvard-GISS2 global 3-D model uses a 4-hourly archive of meteorological data from

the GISS GCM 2 [Hansen et al., 1983]. It has 4°x5 ° horizontal resolution and 9 vertical levels

(7-8 in the troposphere). In its current implementation for tropospheric O3-NOx-HC chemistry

the model includes -100 interactive species and 24 tracers, and uses the fast Gear solver of

Jacobson and Turco [1994] to integrate the chemical mechanism [Horowitz et al., 1998; Liang et

al., 1998; Horowitz and Jacob, 1999; Jacob et al., 1999]. The model includes detailed emission

and deposition algorithms coupled to the GCM meteorology [Wang et al., 1998a]. Cross-

tropopause transport is specified as a monthly and latitudinally varying flux boundary condition

at 150 hPa [Wang et al., 1998a] and amounts globally to 410 Tg 03 yr -1 • We contributed results

from this model to the AEAP and IPCC subsonic aviation assessments [Friedl et al, 1998; IPCC,

1999].

Global evaluation of the model with a detailed ensemble of surface, ozonesonde, and air-

craft observations was presented by Wang et al. [1998b]. The model reproduces seasonal and

latitudinal variations of tropospheric O 3 reasonably well [Logan, 1999]. The vertical gradient in

the tropics is often too weak, apparently because the trade wind inversion is not strong enough.

The model reproduces generally to within a factor of 2 the mean concentrations of NO and PAN

observed in aircraft missions over different regions of the world, but tends to overestimate

HNO 3 in the remote troposphere (sometimes several fold). Model concentrations of H202 are

generally within a factor of 2 of observed values. A more focused evaluation of the model simu-

lation of the polluted boundary layer was conducted by Horowitz et al. [1998] and Liang et al.

[1998] using observed seasonal statistics for 03 and related species at surface sites in North

America. The largest discrepancy was a 15-20 ppbv overestimate of 03 over the southeastern

U.S. in summer which we traced to a Bermuda High anomaly in the GCM.

1.1.2 Global features of the 03 budget.

We applied the Harvard-GISS2 model to investigate the factors controlling the global-scale

distribution of tropospheric O3 [Wang et al., 1998c]. We found that the budget of 03 is dom-

inated globally by chemical production and loss within the troposphere, and that these two terms
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are in closebalanceat all latitudesexceptthe polar regionsin winter. By tagging in themodel
03 producedin the stratosphereand in different regionsin the troposphere,we found that the
contribution of transportfrom the stratosphereto 03 concentrationsis about 30% at mid lati-
tudesin winter, 10%in summer,and5% in the tropics. The middle troposphereis a major glo-
bal sourceregion for 03 eventhoughit is not a regionof net O3 production. The observed03
springmaximumin theremotenorthernhemisphereis well reproducedby the model,where it is
causedin partby transportfrom thestratosphereandin partby long-rangetransportof 03 pollu-
tion (which is moreefficient in springthan in summerbecauseof the longerphotochemicallife-
time of 03 in spring). Our resultsdo not supportpreviousexplanationsof the springtimemax-
imum asdueto wintertimeaccumulationof 03 or its precursorsin the Arctic.

1.1.3 North America: export and import of 03 pollution.

We used the model to examine export of O3 and NOy species from the U.S. boundary layer

to the global atmosphere [Horowitz et al., 1998; Liang et al., 1998], and to track the influence of

fossil fuel combustion on NOx in different regions of the northern hemisphere [Horowitz and

Jacob, 1999] (work funded jointly by NSF). We found that 20% of the fossil fuel NOx in the

United States is exported from the boundary layer as NOx or peroxyacylnitrates (PANs) (15% in

summer, 25% in winter), primarily to the North Atlantic. The annual mean export of NO x and

PANs from the U.S. boundary layer was estimated to be 1.2 Tg N yr -I , representing an impor-

tant source of NO x on the scale of the northern hemisphere. By tagging fossil fuel NOx and its

reservoir NOy species [Horowitz and Jacob, 1999], we found that fossil fuel combustion

accounts for over 40% of NOx concentrations in the lower and middle troposphere throughout

the extratropical northern hemisphere in summer. Long-range transport as PANs is responsible

for over 80% of the fossil fuel NOx in the lower troposphere over the oceans. We found that the

U.S. contribute about half of the fossil fuel NOx over the North Atlantic in summer, while China

contributes about half of the fossil fuel NOx over the western North Pacific.

We also applied the model to examine the effect of rapid industrialization in eastern Asia

on surface O3 air pollution in the United States [Jacob et al., 1999] (work funded jointly by

EPRI). We found that the tripling of Asian NO x emissions expected from 1985 to 2010 [van

Aardenne et al., 1999] should increase monthly mean 03 concentrations by 2-6 ppbv in the

western United States and by 1-3 ppbv in the eastern United States, with maximum effect in

April-June. This increase would more than offset the benefits of 25% domestic reductions in

anthropogenic emissions of NOx and HC in the western United States. We noted that Asian

influence would probably be less under the stagnant conditions leading to violations of the U.S.

air quality standard.

1.1.4 Long-term trends in tropospheric 03.

In another application of the Harvard-GISS2 model, we investigated the changes in tropos-

pheric O3 and OH since 1850 caused by increases in fossil fuel combustion and industry,

biomass burning, and CH 4 [Wang and Jacob, 1998]. Our model results indicate a 63% increase

in the tropospheric 03 inventory (NH, 80%; SH, 50%) which closely parallels the rise in CO and

HC emissions, because the O 3 yield per mole of CO or HC oxidized has remained nearly con-

stant. In contrast, the 03 production efficiency per mole of NOx emitted has decreased globally

by a factor of 2. We find little change (9% decrease) in global mean OH since 1850, reflecting

compensating influences. Comparisons of model results with late 1800s 03 data indicates a sys-

tematic overestimate of -5 ppbv; correcting this requires either a large missing chemical sink for

O3 or a downward revision of natural NOx sources. We are presently investigating this issue.
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Calibrationproblemswith theolderdatacannotbeexcluded[Pavelinet al., 1999].

1.1.5Analysis of Trends in the Vertical Distribution of 03.

We participated in the SPARC Ozone Trends Assessment [WMO, 1998; Randel et al.,

1999], leading the analysis of ozonesonde data [Logan et al., 1999]. Trends in the sonde data

were also computed by G. Tiao (U. Chicago) and colleagues. We derived similar trends to

Tiao's group, and found that the major reason for different results was in data selection criteria,

rather that in the statistical trend models. Tiao's group omitted more of the sonde data than we

did in an effort to improve data quality; this did not necessarily lead to better defined trends

because of the resulting increase in the variances of the monthly mean time series.

We find significant decreases in stratospheric 03 at all stations in mid and high latitudes of

the northern hemisphere for 1970-1996, with the largest decreases located at 12-21 kin, and

trends of-3 to -10 %/decade near 17 km. The mean midlatitude trend is largest, -7 %/decade,

from 12 to 17.5 km for 1970-96. For 1980-96, the decrease is more negative by I-2.5 %/decade,

with a maximum trend of-10%/decade in the lowermost stratosphere. The trends vary season-

ally from about 12 to 17.5 kin, with largest O3 decreases in winter and spring. Decreases in 03

in the lower stratosphere are in excellent agreement with those derived from SAGE data [Cun-

nold et al., 1999].

Trends in tropospheric 03 are highly variable and depend on region. At the 4 Canadian sta-

tions there are decreases or zero trends for 1970-96, and decreases of -2 to -8 %/decade in the

mid-troposphere for 1980-96. The 3 European stations show increases of 5-25% for 1970-96,

but trends are close to zero for two stations for 1980-96 and positive for one; most of the

increase was before 1985. There are increases in O3 for the 3 Japanese stations for 1970-96 of

10-15%, decreasing with increasing altitude, but trends are either positive or zero for 1980-96;

the U.S. stations show zero or slightly negative trends in tropospheric 03 after 1980.

We have used the Harvard-GISS2 model to investigate the causes of trends in tropospheric

O3 since 1970. We developed emission estimates for 1970 for anthropogenic NOx, CO, and HC

by using available inventory data for North America and Europe, and by scaling the 1985 inven-

tory to fossil fuel use for other countries. We find that increasing anthropogenic emissions over

Europe may have produced 03 increases of 2-4%/decade from 1970 to 1985, while more rapid

increases in Asian emissions appear to cause an 03 increase of 3-5 %/decade; however, increas-

ing emissions also causes 03 to increase by 2-4 %/decade over Canada, contrary to observations.

Accounting in the model for the decreases in the stratospheric 03 column since 1970 (as

observed from TOMS) yields decreases in tropospheric O3 of only 0.2-1.0%/decade at northern

midlatitudes. A 50% reduction of the stratospheric flux causes a decrease in midlatitude 03

from 8% near the surface to 35% in the upper troposphere in winter (2-15% in summer); the

observed trends are more uniform with altitude [Logan et al., 1999]. Perturbations to 03 in the

model at northern midlatitudes are generally well mixed in the midtroposphere, in contrast to the

spatial patterns evident in the observed trends. There may be too rapid vertical or zonal mixing
in the GISS2 model.

1.2 Development of GEOS-CHEM Model for Tropospheric 03 Applications.

1.2.1 General development.

The GEOS-CHEM model uses the same (continually updated) emission, chemistry, and

deposition modules as the Harvard-GISS2 model but is driven by the GEOS assimilated

meteorological observations and a chemical tracer model (CTM) developed at the NASA/GSFC
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DAO [Lin andRood, 1996;Allen et al., 1996ab,with updates].The GEOSdataareavailableas
acontinuousarchivestartingin 1983with temporalresolutionof 3 to 6 h dependingon the vari-
able,andhorizontalresolutionof 2°x2.5°. Thedataup to 1995(GEOS-1)have20 vertical levels
extendingup to 10hPa; subsequentdatauntil 1998(GEOS-STRAT)have 46 levels to better
resolvethe stratosphere;andthe mostrecentdatafor 1998to present(GEOS-2)have70 levels.
In our applications we use either the original 2°x2.5 ° resolution or a 4°x5 ° resolution with

regridded GEOS fields for computational expediency; we also merge the stratospheric levels

above 70 hPa. Anthropogenic emissions for simulation of specific years are adjusted from our

base emission inventory for 1985 on a country-by-country basis, using national emission esti-

mates for North America [EPA, 1999] and Europe [EMEP reports], and scaling to trends in fos-

sil fuel use [Marland et al., 1999] for countries with no emission control policies.

We are developing the GEOS-CHEM model as a flexible tool for simulation of a wide

range of issues in tropospheric chemistry, complementing base support from ACMAP with sup-

plements from other sources. We elaborate below on projects supported specifically by NAG-

1-1909. Other recent or ongoing projects include:

• Simulation of 03 pollution over the United States (jointly supported by EPRI) to understand

the contribution of long-range transport from anthropogenic sources outside North America. For

this project we are carrying out a detailed analysis of the ability of the model to simulate chemi-

cal processes in the U.S. boundary layer, using data from the SOS and NARSTO-Northeast cam-

paigns in the eastern United States in summer 1995. A preliminary comparison of model results

with 03 observations from the AIRS network in June 1995 is shown in Figure 1. Note that 03

over the southeastern U.S. is well simulated, in contrast to the Harvard-GISS2 model where a

Bermuda High anomaly caused a large overestimate.

• Simulation of 21°Pb/7Be (jointly supported by NASA/SASS) to design and test a wet

scavenging algorithm for soluble tracers. In addition to scavenging by large-scale and convec-

tive precipitation, we have implemented a revised version of the cirrus precipitation scheme of

Lawrence and Crutzen [1998]. We find that entraining wet convection in the GEOS convective

transport scheme allows the model to capture the observed 7Be minimum in the tropics, unlike

previous models [Brost et al., 1991; Koch et al., 1996] where 7Be could descend in the tropical

troposphere without experiencing scavenging. A preliminary account of our work was presented

at the spring 1999 AGU meeting [Liu et al., 1999a].

• Development of CH3I as a tracer of marine convection in global 3-D models (jointly sup-

ported by NSF) to complement 222Rn which tests continental convection. Our preliminary

results suggest that entrainment during GEOS deep marine convection events is insufficient, as

reflected by a more pronounced C-shape in the simulated vertical profiles of CH3I than in the

observations. Our work also revealed major inconsistencies between different observational data

sets for CH3I in air and seawater, which we are now trying to resolve to arrive at a first credible

global budget of atmospheric CH3 I. This work was presented at AGU meetings [Schultz et al.,

1998; Hsu et al., 1999].

• Simulation of HCN (jointly supported by NSF) to explain the large seasonal variations seen in

column observations [e.g., Rinsland et al., 1999] and to investigate the use of HCN as a biomass

burning tracer detectable from space. We found that the available HCN observations could be

consistent with a scenario where biomass burning provides the main source and ocean uptake

provides the main sink. The resulting atmospheric lifetime of HCN would be 2 months, instead

of 2 years due to reaction with OH as had been thought [Cicerone and Zellner, 1983]. This work

is now published [Li et al., 2000].
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as illustratedin Figure 4 by a comparisonof model resultsto observedvertical profiles of 03,
CO, and PAN for PEM-WestB flights 17 (35°-45°N) and 8 (15°-25°N). Strongcontinental
outflow in flight 17 is reflectedby the high concentrationsof CO andPAN in the lower tropo-
sphere. The model capturesthe generalfeaturesof the outflow although it cannot capture
observedthin layers of very high CO, and it overestimatesPAN in the upper troposphere.
Ozoneconcentrationsarenot significantlyelevatedin the outflow, either in the model or in the
observations,dueto theweakphotochemicalactivity in early spring at midlatitudes. The model
tendsto overestimate03 concentrationsfor the PEM-WestB conditions,possibly becauseof
inadequateaccountingof heterogeneouslossesof NOx and03 in the aerosol-richAsian plume
[Denteneret al., 1996;Zhanget al., 1999].

1.2.4 Interannual variability of CO.

We have developed a capability for applying the GEOS-CHEM model to analyze interan-

nual variability and trends of CO over the past decade INovelli et al., 1998]. Our work goes

beyond the early GEOS CTM study of Allen et al. [1996b] by accounting for CO-OH chemical

coupling, interannual variability of emissions, and decreases in stratospheric 03 column. Our

first step has been to develop an improved polynomial parameterization for rapid computation of

OH concentrations in the model [Duncan et al., 2000]. This parameterization has now been

implemented in the GEOS-CHEM model and is being tested with single-year simulations.

The new OH parameterization, described by Duncan et al. [2000], improves on the original

[Spivakovsky et al., 1990] by including NMHC chemistry (such as for isoprene) and using

updated photochemical rate constants. It has been automated to facilitate the construction of

parameterization functions using lower-order polynomials (for higher speed) and the achieve-

ment of a desired accuracy. The original parameterization program took as input an ensemble of

photochemical model results spanning the range of independent variables and returned

computer-generated FORTRAN functions as well as estimates of the accuracy of the approxima-

tion; if the accuracy achieved was insufficient, domains were divided into rectangular sub-

domains manually, and the parameterization procedure was repeated. In collaboration with M.

Ko and D. Portman at AER, we upgraded the program to search automatically for the best subdi-

visions in the multidimensional domain; in addition, we interfaced the photochemical model cal-

culations to the parameterization program to generate additional points as needed.

2. CONTRIBUTION TO EDUCATION.

Funds from this ACMAP grant have provided partial support for six Harvard graduate stu-

dents and three Harvard postdocs:

• Yuhang Wang (Ph.D. 1998), now Assistant Professor in the Dept. of Environmental Sciences

at Rutgers University;

• Larry W. Horowitz (Ph.D. 1998), now Visiting Scientist at NOAA/GFDL;

• Jinyou Liang (Ph.D. 1998), now Scientist at the California Air Resources Board;

• Hongyu Liu (G3)

• Arlene M. Fiore (G2)

• Qinbin Li (G2)

• Isabelle Bey (postdoc)

• Bryan N. Duncan (postdoc)

• Andrew C. Fusco (postdoc)
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Figure Captions.

Figure 1. Mean afternoon (1-4 pro) ozone concentrations in surface air over the United States in

June 1995. Top panel: Harvard GEOS results. Middle panel: Observations form the AIRS net-

work. Bottom panel: simulated verses observed ozone for individual 2°x2.5 ° model grid

squares over the U.S. The solid line shows a 1:1 relationship.

Figure 2. Comparison of Harvard-GEOS model results (filled circles) to observed monthly

mean CO concentrations at surface sites (solid lines and open triangles) [Novelli et al., 1998].

Figure 3. Comparison of Harvard-GEOS model results (dashed lines) to observed vertical

profiles of ozone (solid lines) for January, March, July and October. The solid bars represent the

standard deviations of the observations [Logan, 1999].

Figure 4. Comparison of Harvard-GEOS model results to vertical profiles of 03, CO, and PAN

observed during PEM-West B flights 17 and 8. Flight 17 (2/17/94) took place over the Sea of

Japan between 35 ° and 45°N while flight 8 (3/11/94) took place further south between 15 ° and

25°N. Observed concentrations are shown as symbols; the colored lines are model results for the

day of the flight and for the different gridboxes covered by the flight track.
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